ABSTRACT Hydrolyzed soy protein (SH) could be used as a protein source in formulas for infants with intoler ance to cow's milk protein and may be preferable to intact soy protein (SI). However, metabolic responses to SH are poorly defined. Because of their partially hydrolyzed nature, nonphysiological elevations in either plasma amino acids or regulatory hormones may occur. Therefore, we evaluated effects of SH on plasma nutrient and pancreatic hormone (insulin, glucagon) concentra tions. In Experiment 1, 24 newborn pigs were fitted with umbilical arterial and portal catheters, fed formula for 36 h and food deprived for 12 h. Pigs were then fed formula including either SH or SI with glucose polymers or ca sein-whey proteins (CW) containing lactose, and serial blood samples were taken for 2 h postprandially. Peak portal exceeded peak arterial amino acid concentrations within each treatment, and peak amino acid concentra tions in CW-fed pigs exceeded those of SH-and Si-fed pigs. However, only SH formula-fed piglets had higher postprandial portal minus arterial amino acid concentra tions (P < 0.05) throughout Experiment 1, suggesting that SH was well digested and absorbed. In Experiment 2, arterial catheters were inserted in 24 piglets. Previous procedures were followed except dietary carbohydrate was standardized to glucose polymers for all three diets, and sampling was extended to 3 h. Overall, portal or arterial nutrient and hormone concentrations were not different in the SI and SH groups (P > 0.05), indicating that hydrolyzed soy protein did not cause abnormal plasma concentrations. In conclusion, hydrolyzed soy protein did not result in elevated nutrient concentrations or hormone responses compared with intact soy or cow's milk protein. J. Nutr. 126: 913-923, 1996.
Protein epitopes contained in cow's milk-based in fant formulas are one of the most common causes of food allergy in infancy, affecting between 0.3 and 7.5% of formula-fed infants in the United States (Bahna and Heiner 1980) . To alleviate allergic reactions in cow's milk protein-sensitized infants, alternative formulas have been developed. Soy protein-based formulas are the most frequent substitutes for infants who do not tolerate cow's milk formula (American Academy of Pe diatrics Committee on Nutrition 1983); however, 50% of infants with cow's milk allergies demonstrate adverse reactions to soy formula as well (Bishop et al. 1990 ). Formulas made with casein and whey hydrolysates have been introduced as substitutes for formulas containing intact cow's milk protein (American Acad emy of Pediatrics Committee on Nutrition 1989, Jones and Kelts 1984) because of their reduced allergenicity. To our knowledge, hydrolyzed soy protein has yet to be investigated as a potential protein source for infants with intolerances to either cow's milk-or soy proteinbased formulas made with intact proteins.
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solely to indicate this fact. by enzymatic hydrolysis might reduce antigenic epitopes (American Academy of Pediatrics Committee on Nutrition 1989, ESPGAN Committee on Nutrition et al. 1993) . Indeed, partial hydrolysis of proteins used in antigen-reduced or hypoallergenic formulas has re sulted in a fivefold decrease of allergic symptoms in infants compared with cow's milk-or soy protein-based formulas (Chandra et al. 1989) . However, there is little information on the short-term metabolic response or long-term growth response of infants consuming hydrolyzed protein formulas (ESPGAN Committee on Nutrition et al. 1993) . Hydrolyzed proteins require less digestion before absorption than intact proteins, and, thus, the potential for accelerated absorption and ele vated circulating concentrations of free amino acids exists, which in turn may affect circulating pancreatic hormone concentrations.
The objective of the current study was to compare the responses of neonatal pigs to formulas containing either intact or partially hydrolyzed soy proteins or in tact cow's milk proteins (40:60, casein:whey ratio). Short-term metabolic tolerance was assessed by mea suring postprandial plasma free amino acids, insulin, glucagon and glucose concentrations in the hepatic por tal and systemic circulation via indwelling umbilical catheters. The piglet was chosen as a model for the human neonate because of similarities in intestinal anatomy, digestive enzyme activities and soy hypersensitivity (LallÃ¨set al. 1993 , Moughan et al. 1992 . Additionally, neonatal pigs are large enough to allow for venous and arterial catheterization and serial blood sampling.
MATERIALS AND METHODS
Animals and diets. One-day-old suckled pigs (n = 48, Large White X PIC (Pig Improvement Company, Franklin, KY)were obtained from a commercial swine farm. Animal protocols were approved by the Univer sity of Illinois Laboratory Animal Care Advisory Com mittee and followed the Guide for the Care and Use of Laboratory Animals (NRC 1985) .
In Experiment 1, the carbohydrate source was not standardized across the diets. Soy protein diets con tained glucose polymers to reduce osmolarity (corn syrup solids, dextrose equivalents = 15), whereas the cow's milk protein diet contained lactose (Table 1) . Because of differences in plasma insulin profiles ob served in Experiment 1 between the cow's milk and soy diets, in Experiment 2, dietary carbohydrate was standardized for all diets to allow for a better treatment comparison between the metabolic effects of cow's milk protein and soy protein diets (Table 1) .The cow's milk formula used in Experiment 2 was made with lactose-reduced milk protein sources (milk protein con centrate (4.1% lactose) and whey protein concentrate (0.7% lactose) (New Zealand Milk Products, Santa Rosa, CA), with glucose polymers added to match the carbohydrate content. Soy diets were made with com parable concentrations of lactose and glucose polymers. In both experiments, DL-methionine and L-lysine were added to the soy diets. Diets were prepared by Milk Specialties (Dundee, IL) as a dry powder and were re constituted by the addition of water (183 g powder/L water). During the experiments, formulas were stirred constantly in a closed container to maintain a homoge neous mixture. Formula was fed at room temperature and was replaced every 12 h.
Soy hydrolysate. Isolated soy protein (81.6% pro tein, 3.9 % fat, 11.8% ash, 0.47% phytate and 0% trypsin inhibitors; dry matter basis) was enzymatically hy drolyzed (Protein Technologies International, St.Louis, MO). The molecular weight distribution of the soy pro tein hydrolysate (83.4% protein, 4.5% fat and 12.3% ash) was estimated by gel permeation chromatography (HPLC)with detection at an optical density of 210 nm. The profile was as follows: molecular weight > 50,000, 1.6%; 50,000-5000, 42.4%; 5000-1500, 18.8%; 1500-1000, 7.3%; 1000-100, 25.7%; <100,4.2%. The degree of hydrolysis [(peptide bonds cleaved/total peptide bonds) X 100]was determined with trinitrobenzenesulfonic acid and was 0% for the intact soy protein and 6.3% for the hydrolyzed soy protein. This low degree of hydrolysis allows for production of a formula without unpleasant odor, bitter taste or need for the addition of amino acids that would be destroyed by more extensive hydrolysis (Chandra and Hamed 1991) .
Experimental procedures. Pigs were housed in an environmentally controlled room (25Â°C) in racks with plexiglass cages having coated expanded stainless steel flooring (Ridglan Animal Care Systems, Mt. Horeb, WI). Additional radiant heaters (Kalglo Electronics, Bethlehem, PA)were used to maintain an ambient tem perature of 30Â°C. Six piglets, separated by adjustable plexiglass partitions, were maintained in each rack. Ex periments 1 and 2 were conducted 12 mo apart, and each experiment was conducted as four replicates of six littermates each. Within each replicate, two piglets were alloted randomly to each of three treatment groups, for a total of 8 piglets in each treatment group and a total of 24 piglets per experiment. The three treat ment groups varied in protein source as follows: Treat ment 1: cow's milk protein, 40:60 casein:whey ratio (CW)5;Treatment 2: hydrolyzed soy protein (SH); and Treatment 3: intact soy protein (SI).
Experiment 1: Within 2 h after transport from the swine farm, an argyle catheter (3.5 French, Sherwood Medical, St. Louis, MO) was inserted into an umbilical artery using general 2% isoflurane anesthesia (Anaquest, Madison, WI) with local lidocaine anesthesia 5Abbreviations used: CW, casein-whey proteins; EAA, essential amino acid; NEAA, nonessential amino acid; P-A, portal versus arte rial; SH, soy hydrolysate; SI, soy intact. "120â€"18020â€"6_â€"â€"â€"â€"68.420.343.64.218.711.3106.56.8â€"5.112.823.015.94.88.212.6â€"8.512.7110.4216.9â€"2 133_497517530â€"â€"144â€"â€"1218.920.844.54.417.911.5108.07 1 Casein-whey, soy hydrolysate and soy intact diets contained 34.9, 0, and 0% lactose, respectively. 2 Casein-whey, soy hydrolysate and soy intact diets contained 1.4, 1.4 and 1.4% lactose, respectively. 3 Per 1000 g diet the following salts were added: Soy intact, 9.8 g KC1, 7.1 g NaCl, 8.5 g Na lÃ¡clate; Soy hydrolysate, 7.7 g KCl, 8.2 g NaCl, 5.6 g Na lactate.
4 Protein ingredients, number reflects percentage protein (a Milk Specialties, Dundee IL and b New Zealand Milk Products, Santa Rosa, CA).
5 Intact soy protein (Protein Technologies, St. Louis, MO). 6 Hydrolyzed soy protein (Protein Technologies, St. Louis, MO). The MW distribution of hydrolyzed protein in soy hydrolysate was as follows: MW >50,000, 1.6%; 50,000-5000, 42.4%; 5000-1500, 18.8%; 1500-1000, 7.3%; 1000-100, 25.7%; <100, 4.2%.
7 Glucose polymer distribution of corn syrup solids (AMAZE): dextrose equivalents = 15. Â«Fatblend contained 4% protein and 80% fat. Fatty acid profile of the 80% fat: 12:0, 15.4%; 14:0, 6.8%; 16:0, 18.4%; 16:1, 1.8%; 18:0, 9.2%; 18:1, 29.9%; 18:2(n-6), 7.8%; 18:3(n-3), 0.07%; 20:4(n-6), 0.2%; others, 10.4% (Milk Specialties, Dundee, IL).
'The constant components consisted of the following (g): In Experiment 1: premix, 6; In Experiment 2: magnesium oxide, 1; choline chloride, 2; guar gum, 10; mineral premix, 5; vitamin premix, 3 [for both experiments: specific premix information is proprietary; NRC vitamin and mineral requirements were met (NRC 1988) ].
10Based on chemical analysis; Cys and Trp were not determined.
(Anthony Products, Arcadia, CA) of the umbilicus (Van Kempen and Odie 1995). The catheter was inserted 22 cm into the aorta to a position near the heart. After recovery from anesthesia (1-2 h), pigs were fed by orogastric gavage using an 8 French feeding tube (Sher wood Medical) and 60-mL syringe. Piglets were fed ei ther C W or SH (Treatments 2 and 3) formula (20 mL/ (kg body weight â€¢ 2 h) for 36 h and were then fed water at the same volume for 12 h before the metabolic study. The SH formula was fed to both SH and SI treatment groups to have comparable small intestinal structure and function among soy treatment groups at the time of blood sampling. Pigs were injected with 15 mg ampicillin per kg body weight (Aveco, Ft. Dodge, LA)subcutaneously at 8-h intervals. After 12 h of food depriva tion, a second argyle catheter was inserted into the umbilical vein using the surgical procedure described above (Benevenga et al. 1992 ). This catheter was in serted 6 to 8 cm into the ductus venosus, which has direct connection with the hepatic portal vein (Shimada and Zimmerman 1973). After recovery from anes thesia (1 h), baseline arterial and portal blood samples were withdrawn into heparinized syringes. Then, pigs were fed CW, SH or SI formula (20 mL/kg body weight; single feeding) by orogastric gavage and 2-mL arterial and portal blood samples were collected at 15, 30, 60 and 120 min postprandially. Blood samples were placed on ice, centrifuged for 15 min at 3000 x g and plasma was frozen at -20Â°C until analyzed. After completion of sampling, pigs were anesthetized using a subcutane ous injection of pentobarbital (20 mg/kg body weight) and killed using an intracardial injection of 3 mL of saturated KC1. One CW pig died before the second sur gery because of an esophageal and trachÃ©alinfection. Experiment 2: On the basis of findings in Experiment 1, only the arterial catheter was implanted into pigs used in Experiment 2, and the sampling time was ex tended from 120 to 180 min postprandially. To deter mine if gastric emptying or intestinal transport rates differed between the diets, chromic oxide (Cr2O.,) was added (0.3% of dry matter) to each formula immedi ately before the final feeding (Moughan et al. 1990 ). After completion of sampling, pigs were killed by elec trocution, and the entire gastrointestinal tract was re moved from the body cavity. The small intestine was dissected free of mesenteric tissues and arranged to form three segments of equal length. The stomach and the three small-intestinal segments were each flushed with 20 mL of 9 g/L NaCl solution to collect the digesta. The collected material was freeze-dried for dry matter determination.
Amino acids analyses. Plasma free amino acids were determined by mixing an aliquot of plasma with an equal volume of 0.14 mol/L 5-sulfosalicylic acid. The samples were then centrifuged for 15 min at 3000 X g, and the supernatant was frozen at -20Â°C. After thaw ing, samples were diluted 1:1 with 0.07 mol/L sodium citrate buffer (pH 2.2), and plasma free amino acids were analyzed by aniÃ³n exchange chromatography using a Beckman 6300 Analyzer and Beckman System Gold version 7.11 chromatography software for peak integra tion (Beckman Instruments, Palo Alto, CA). Diet sam ples were subjected to HC1 (6 mol/L) acid hydrolysis (10 g powder/L solution) for 24 h. Acid hydrolysates were subsequently analyzed for amino acid concentra tions by aniÃ³n exchange chromatography.
Insulin and glucagon radioimmunoassays. Plasma insulin and glucagon were determined by RIA using mono-12sl-porcine insulin or glucagon, guinea pig antiporcine insulin or glucagon, goat anti-guinea pig serum and normal guinea pig serum as a carrier (Morgan and Lazarow 1963) . Human insulin or glucagon were used as standards. The RIA materials were purchased as kits from Lineo Research (St. Louis, MO). Immune com plexes were counted in a Cobra n auto-gamma counter (Packard Instrument, Meriden, CT). Inter-and intraassay CVs were 10.4% and 3.1% for insulin and 12.6% and 3.8% for glucagon, respectively.
Glucose analysis. Plasma glucose was analyzed us ing a YSI model 2300 analyzer (YSI, Yellow Springs, OH). The instrument uses immobilized glucose oxi dase in the presence of oxygen to catalyze the produc tion of hydrogen peroxide, which is quantified with an amperometric electrode (Williams 1992) .
Statistical analysis. Data were analyzed according to a randomized complete-block design (blocked by lit ter) with repeated measures using the General Linear Models procedure of the SAS statistical package (SAS 1985) . To assess postprandial treatment differences, time = 0 measurements were used as a covariate in the statistical model (unadjusted means at time = 0 are reported in the Appendix). Treatment effects were fur ther partitioned using single-degree-of-freedom or thogonal contrasts (Steel and Torrie 1980) ; CW treat ment was compared with both soy treatments together and SH treatment was compared with SI. In all tables, time = 0 measurements are expressed as physiological concentrations and as baseline. Postprandial measure ments are expressed as percent baseline. In the figures, data are expressed as physiological concentrations. Overall, differences were considered significant at P < 0.05; however, in the figures differences at P < 0.10 were also reported.
RESULTS
Animal observations. Initial body weights [1.52 Â± 0.07 kg in Experiment 1 and 1.66 Â±0.05 kg in Experi ment 2 (mean Â±SEM)]and total formula intake (over 36 h) were similar among the three treatment groups in both Experiment 1 and 2 (P > 0.05). In Experiment 1, pigs fed CW formula gained weight over the 48-h period (167 Â±28 g), whereas pigs fed SH formula lost weight (-102 Â±18 g; P < 0.05). At the start of blood sampling, 15 of 16 pigs fed SH formula had diarrhea (i.e., severe, watery stool), whereas none of the pigs fed CW formula had diarrhea. Likewise, in Experiment 2, pigs fed CW formula gained weight over the 48-h period (38 Â±23 g), whereas pigs fed SH formula lost weight (-25 Â±16 g; P < 0.05). However, in Experiment 2, all pigs had diarrhea at the start of blood sampling regard less of diet. Plasma free amino acids. Concentrations for most amino acids increased rapidly in both arterial and portal plasma after feeding (Tables 2,3 and 4). In Experiment 1, a significant postprandial effect was observed in arterial plasma for all essential amino acids (EAA) and nonessential amino acids (NEAA) with the exception of Gin, Arg and Phe (Table 2) . Concentrations of all amino acids except Asn peaked 15 min postprandially in the arterial blood of SI formula-fed pigs. Peaks in arterial concentra tions were delayed until 30 min postprandially for Ala, Asp, Glu, Pro, Cys, His and Thr in CW-fed pigs, and Ala, Asn, Gin, Pro and Tyr in SH-fed pigs. Overall, the patterns of plasma amino acid concentrations were sim ilar among pigs fed the SH or SI formula. However, in pigs fed the CW formula, higher peak arterial concentra tions of Cys, Pro, Ser, Ile, Leu, Lys, Thr, Tyr and Val were observed than in pigs fed soy formulas, resulting in 42% higher arterial EAA concentrations than base line 15 min postprandially in CW formula-fed pigs com pared with 27% higher than baseline in soy formulafed pigs (P < 0.05). Among the EAA, peak arterial re sponses to the CW diet for Cys, His, Met, Tyr and Val were 10-45% higher than baseline and 45-70% higher than baseline for Ile, Leu, Lys and Thr. At 120 min postprandially, EAA concentrations were below base line in the CW and SI formula-fed pigs and similar to baseline in the SH formula-fed pigs.
In portal plasma, significant postprandial effects were observed in Experiment 1 for all amino acids with the exception of Gin and Gly (Table 3) . Peak responses for all amino acids were observed 15 min postprandi ally in the portal blood of CW and SI formula-fed pigs, whereas the peak response was delayed until 30 min postprandially in SH formula-fed pigs for Ala, Asn, Pro, Cys, His, Thr and Tyr (Table 3) . Patterns in portal amino acid concentrations were similar among pigs fed the SH or SI formula. However, in pigs fed the CW formula, higher peak portal Cys, Pro, Ser, Ile, Leu, Lys, 
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1 Values are least square means computed using time zero concentrations as a covariate (n = 7 or 8 per treatment). Baseline values are reported as physiologic concentrations and as baseline (= 100).
2 Tryptophan was not analyzed. 3 Casein-whey formula differs from soy formulas [P < 0.05). b Time effect (P < 0.05).
c Treatment by time interaction (P < 0.05).
Thr, Tyr and Val concentrations were observed than in pigs fed soy formulas, resulting in portal EAA concen trations 86% above baseline in CW formula-fed pigs, compared with a 39% elevation over baseline in soy formula-fed pigs. In CW formula-fed pigs, peak portal EAA concentrations were 30-90% higher than base line for Arg, Cys, His, Met, Phe, Thr, Tyr and Val and 110-140% higher than baseline for Ile, Leu and Lys. When portal versus arterial (P-A) concentrations were compared within treatment, higher portal than arterial EAA concentrations were observed 15 min postprandially across all three treatments (P < 0.05, Fig. 1) . The P-A differences 15 min postprandially were 124%, 221% and 149% higher than baseline for CW, SH and SI formula-fed pigs, respectively. Thereafter, the P-A difference decreased in CW and SI pigs, whereas in the SH formula-fed pigs a positive P-A difference was maintained throughout the study (P < 0.05). This prolonged postprandial effect provided justification for extending the sampling time in Experiment 2 from 120 to 180 min postprandially. Finally, only in CW for mula-fed pigs were prefeeding portal EAA concentra tions higher (37%) than arterial concentrations.
In Experiment 2, a significant postprandial effect was observed in arterial plasma for most EAA and NEAA with the exception of Asp, Gin, Gly, Ser, Cys and His (Table 4) . Nevertheless, differences in arterial peak EAA concentrations between CW-and soy for mula-fed pigs were similar to Experiment 1. Specifi cally, at 15 min postprandially, total EAA concentra tions were elevated 40% over baseline in piglets fed the CW formula and 27% in piglets fed the soy formu las. At 180 min postprandially, EAA concentrations were below baseline in pigs across all three treatments. Baseline arterial EAA concentrations were 53% higher in Experiment 1 compared with Experiment 2, possibly because of different protein batches or the second surgery in Experiment 1. However, overall postprandial amino acid plasma profiles were similar in the two experiments. The only difference was that in Experiment 2, by 120 and 180 min postprandially, arterial EAA concentrations were similar in pigs fed the CW formula compared with the soy formula-fed pigs (Table 4 , P > 0.10), whereas in Experi ment 1 by 120 min postprandially, arterial EAA concentra tions were 25% lower in pigs fed the CW formula and soy formula (Table 2, P < 0.05).
Insulin and glucagon. In Experiment 1, arterial in sulin concentrations were fivefold greater in pigs fed 3 Casein-whey formula differs from soy formulas (P < 0.05). b Soy hydrolysate formula differs from soy intact formula (P < 0.05). c Time effect (P < 0.05). d Treatment by time interaction (P < 0.05).
CW formula than in pigs fed SH or SI formula 15 and 30 min postprandially (Table 5) . Portal insulin concen trations were fivefold higher 15 min and threefold higher 30 min postprandially in pigs fed the CW for mula than in pigs fed the SH or SI formula (Table 5) . There was no difference in arterial and portal insulin concentrations among pigs fed SH or SI formula. In Experiment 1, arterial insulin concentrations were pos itively correlated with arterial glucose and Leu concen trations (P < 0.05) and negatively correlated with arte rial Lys concentrations 15 min postprandially. The pos itive correlation was sustained for glucose at 30 min postprandially (P < 0.05). In Experiment 2, arterial in sulin concentrations did not differ among treatments because the dietary carbohydrate composition had been normalized (Table 5) . As before, insulin concentrations were positively correlated with glucose concentrations at 15, 30, 60 and 120 min postprandially (P < 0.05). However, in contrast to Experiment 1, insulin concen trations were positively correlated with Lys concentra tions 30, 60 and 120 min postprandially (P < 0.05) and were not correlated with Leu concentrations. In both experiments, no differences were observed in glucagon concentrations among treatments (Table 5) . Thus, the insulin:glucagon ratio followed the same pattern ob served for plasma insulin (Fig. 2) . The threefold differ ence in the insulin:glucagon response of CW formulafed pigs between Experiments 1 and 2 is shown in Fig  ure 2 .
Glucose. In Experiment 1, portal glucose concentra tions were greater in pigs fed the CW formula than in pigs fed the SH or SI formula 15 min postprandially (Table  5) . Portal glucose concentrations were greater in pigs fed the SI formula than in pigs fed the SH formula 120 min postprandially. Arterial glucose concentrations were greater in pigs fed the CW formula than in pigs fed the SH or SI formula at 15, 30 and 60 min postprandially. No differences were observed in arterial glucose concen trations among pigs fed the SH or SI formula. In Experi ment 2, no differences in arterial glucose concentrations were observed between pigs fed the CW formula and pigs fed the SH or SI formula. Arterial glucose concentrations were greater in pigs fed the SH formula than in pigs fed the SI formula 180 min postprandially.
Digesta. To determine whether differences in plasma profiles could be due to differences in transit time Time postprandial (min) 120 FIGURE 1 Postprandial portal minus arterial (P-A) total free essential amino acid concentrations of piglets fed for mula with either casein and whey, hydrolyzed soy or intact soy as the protein source (Experiment l-, n = 7 or 8 per treat ment). Data are presented as least square means. The error bar represents a pooled SEM. To detect differences between portal and arterial concentrations within treatment, no covariate adjustment was used so that true postprandial concen tration differences were analyzed. *(P-A) is significantly dif ferent from O (P < 0.05).
among the formulas, the remaining digesta in the stom ach and small intestine was measured at the end of Experiment 2. The weight of the remaining dry matter in the stomach was 1.6 Â± 0.3, 1.3 Â±0.2 and 0.9 Â±0.3 g for CW, SH and SI treatments, respectively. Weight of remaining digesta in the small intestine was 1.3 Â± 0.1, 1.5 Â± 0.1 and 1.6 Â± 0.1 g for CW, SH and SI treat ments, respectively. No significant differences were de tected; therefore, the Cr2O3content in the digesta was not analyzed.
DISCUSSION
This study investigated the acute metabolic re sponses of piglets to formulas containing intact cow's milk proteins, intact soy proteins or hydrolyzed soy proteins. Pigs fed the high lactose CW formula in Ex periment 1 did not have diarrhea or other clinical signs of intolerance; therefore, catherization of pigs did not appear to adversely affect the general health of the pig lets and afforded an efficient and apparently reliable means to obtain multiple blood samples. In contrast, diarrhea was observed in pigs fed the other five experi mental diets in Experiment 1 and 2 combined (Table  1) , which has at least two possible explanations. First, all five diets contained glucose polymers as the primary carbohydrate source. However, glucoamylase and maltase concentrations are low in the digestive tracts of young pigs (James et al. 1987 , Shulman et al. 1988 , and, therefore, digestion and absorption of the glucose polymers might have been impaired. Second, intact soy proteins have been shown to cause small intestinal mucosal damage in piglets with subsequent malabsorption and diarrhea (LallÃ¨s et al. 1993 , Li et al. 1990 ). There fore, to have comparable small intestinal structure and 1 Values are least square means computed using time zero concentrations as a covariate [n = 7 or 8 per treatment). Baseline values are reported as physiologic concentrations and as baseline (=100).
3 Casein-whey formula differs from soy formulas |P < 0.05). b Soy hydrolysate formula differs from soy intact formula (P < 0.05). c Time effect (P < 0.05). d Treatment by time interaction (P < 0.05). FIGURE 2 Postprandial arterial molar insulin:glucagon ratios of piglets fed formula with either casein and whey, hydrolyzed soy or intact soy as the protein source (Experi ment 1 (A} and 2 (ÃŸ); n = 7 or 8 per treatment). Data are presented as least square means computed using ratios calcu lated at time = 0 as a covariate. Error bars indicate the pooled SEMper experiment. *,#Indicates that casein and whey for mula differs from soy formulas (*P < 0.05, #P < 0.10).
function among the soy treatments at the time of blood sampling, SH formula was fed to both SH and SI treat ment groups before the metabolic study. In addition, ingestion of intact soy proteins results in increased amounts of endogenously secreted protein in the small intestine from sloughed enterocytes and pancreatic protease activity (Makkink 1993) , which could inter fere with the pattern of amino acids reaching the portal vein (Leleiko 1984) .
Positive nutrient concentration differences between efferent (portal) and afferent (systemic arterial) blood reflect nutrient absorption from the gut into the portal vein, with the exception of long-chain fatty acids (Shimada and Zimmerman 1973, Yen and Killefer 1987) . In piglets fed the CW formula, a large difference in portal versus arterial free amino acid concentrations was observed 15 min postprandially, suggesting rapid digestion and absorption of the C W proteins (Fig. 1) . In contrast, the postprandial rise in plasma free amino acids in pigs fed the soy diets was slower and reached a lower peak value, implying that the digestion and absorption rates of soy proteins were attenuated. More rapid absorption of amino acids from casein than from soy protein has also been observed in rats (HarÃ¡and Kiriyama 1991) . Although overall digestibility of soy protein-and cow's milk protein-based formulas are similar in human infants, plasma amino acid concen trations in the acute postprandial period have not been assessed. Fasting plasma amino acids in infants fed soy protein-and cow's milk protein-based formulas differ from infants fed human milk; however, this has been attributed to the amino acid composition of the protein sources (Rigo et al. 1994) . It is noteworthy that portal versus arterial concentration differences were main tained throughout the study in the SH but not the SI formula-fed pigs, suggesting that the SH formula is bet ter digested and absorbed than the SI formula. The rate of digestion and absorption could also be affected by the rate of release of stomach contents into the duode num by the pylorus. The SI formula has been reported to cause a slower gastric emptying rate than the CW formula, whereas a CW hydrolysate formula had a more rapid emptying rate than the standard CW for mula in pigs (Moughan et al. 1991 ) . However, in Experi ment 2, no differences among treatments were detected in the amount of dry matter that was retained in the stomach 180 min postprandially, implying that differ ences in gastric emptying rate were not responsible for the observed treatment differences.
In addition to intestinal absorption, portal and arte rial plasma amino acid concentrations are dependent on amino acid uptake and release by tissues. However, studies in human infants have shown that postprandial patterns of all EAA and several NEAA in plasma are directly related to their concentrations in the diet (Rigo et al. 1994 , Tikanoja et al. 1982 , indicating that post prandial plasma amino acid concentrations closely re flect the dietary amino acid concentrations and the ef ficiency of absorption. Likewise, in neonatal pigs, EAA concentrations in consumed milk protein are highly correlated with portal versus vena cava plasma amino acid concentration differences l h postprandially (r2 = 0.92; Shimada and Zimmerman 1973) . In our studies, the CW diet contained higher concentrations of Leu, Pro and Thr and a lower concentration of Arg compared with the soy diets (Table 1) . These dietary differences were reflected in the arterial postprandial plasma con centrations of these amino acids (Tables 2 and 4 ). How ever, other amino acids that were similar in concentra tion among the three diets, for example, Ser, resulted in higher plasma amino acid concentrations in the CW formula-fed pigs, possibly because of better digestibil ity of the CW diet relative to the soy diets. Unexpect edly, no differences in absolute concentrations of plasma amino acids were observed in pigs fed the intact versus hydrolyzed soy formulas, suggesting that feed ing a formula containing hydrolyzed soy protein does not cause abnormally elevated postprandial amino acid patterns when compared with intact soy protein.
Postprandial fluctuations in amino acid concentra tions in the systemic circulation were much lower than those observed in the portal blood because of hepatic uptake of amino acids. Uptake of Ala, Ser, Thr, Gly, and to a lesser extent, virtually all other glycogenic amino acids by the liver has been demonstrated (Felig 1975) . Branched amino acids are not taken up by the liver but are metabolized in the muscle and brain (Felig 1975) . In our study, lie and Leu were among the amino acids with the highest postprandial response in the sys temic circulation.
Lactose, but not starch and maltose, is easily di gested by neonatal pigs because of high lactase and low glucoamylase and maltase activity in the piglet small intestine (James et al. 1987 , Shulman et al. 1988 . These patterns of enzyme activity could explain the much larger postprandial increase in plasma glucose concen trations in CW compared with soy formula-fed pigs in Experiment 1, in which the diets contained lactose and glucose polymers, respectively. In Experiment 2, the carbohydrate source was identical across all treat ments, which resulted in nearly identical postprandial glucose concentration patterns among CW and soy for mula-fed pigs.
Glucose stimulates insulin release and inhibits glucagon secretion (Gerich et al. 1976 ) and therefore plays a central role in metabolic homeostasis. Circulating amino acids can contribute to the postprandial rise of both pancreatic insulin and glucagon release (Schmid et al. 1992) . As expected, the higher plasma insulin concentrations in CW compared with soy formula-fed pigs in Experiment 1 was a result of higher plasma glucose concentrations. Of the potential nonglucose in sulin secretagogues, Leu was positively correlated with plasma insulin concentrations in Experiment 1 and Lys in Experiment 2. Although Arg is a potent secretagogue, it was not correlated with insulin concentra tions in either experiment.
In conclusion, no differences in acute postprandial amino acid, glucose or pancreatic hormone responses were observed between the SH and SI formulas, indicat ing that the SH formula did not result in abnormal plasma concentrations of these metabolites. Current work in our laboratory is assessing long-term growth responses and intestinal responses of piglets to hydrolyzed versus intact soy protein.
